Introduction
The flights of mosquitoes show unusual flapping behavior among insects because of the high flapping frequency and small stroke amplitude (Simões, et al., 2016; Bomphrey, et al., 2017; Miller, 2017; Liu, 2019) . The aero-dynamic researches on the flapping flight of mosquitoes have not been many compared with the number of studies of based on other insects (Sane, 2003; Shyy, et al., 2010; Chin, et al., 2016) . Two of the reasons are the small scale of the mosquito and high frequency of flapping. To avoid these problems, Kai, et al., (2001) and we (Arita, et al., 2011; Kase, et al., 2016) manufactured a scaled wing prototype (n times enlarged and with 2 1 / n times lowered frequency compared with the real mosquito) in order to achieve flow similarity by means of the Reynolds and Strouhal number. The studied models were rigid (Kai, et al., 2001; Arita, et al., 2011) and deformable (Kase, et al., 2016) .
The deformable wing models were made of PPS resin film (Polyphenylene Sulfide, Torelina TM , Toray), whose thicknesses were 2, 4, and 6 µm. When the wing was flapped with an oscillation device in a uniform stream, passive feathering or pitching motion was observed owing to bending deformation caused by the inertial force of the wing and the fluid dynamic force. According to the experimental results, the deformation similarity between the model and mosquito wings was realized when the model's thickness was 2 µm. In this case, the expression describing bending rigidity was m m EI E I  . In order to identify the deformation similarity, the Cauchy number (ratio of fluid dynamic force to the wing elastic force) must be identical between the model and mosquito wings (Ishihara, et al., 2009; Ishihara, et al., Igarashi, et al., 2013) and the discriminated dimensional analysis (Palacios, 1964; Madrid, et al., 2005) were used to perform a detailed dimensional analysis by discriminating the length dimensions in the rectangular coordinate system.
Outline of the experiment
The experiment (Kase, et al., 2016) conducted for the purpose of modeling the flapping flight of mosquitoes is outlined in this section. Figure 1 shows the planform of the enlarged wing model made of thin PPS film, where c l is the maximum chord length, s l is the span length, h is the thickness, and E is the Young's modulus. The straight part of the leading edge was attached to a rigid piano wire of diameter 0.3 mm. The marker line was drawn at 75% of the span length to measure the deformation of the wing. As shown in Fig. 2(a) , the edge of the piano wire oscillated periodically owing to the actuation rod producing the flapping motion of frequency 0 f . The natural frequencies of the actuation rod and the support rod are 180 and 890 Hz, respectively, as obtained from the primary bending oscillation of both ends fixed rod. The amplitude of the stroke was max  (= 36 degrees), which is identical to that of the mosquito's flapping (Arita, et al., 2011) . The change in the feathering angle of the mosquito as a result of the steering muscle activity (Hedenström, 2014) was omitted in the experiment. Therefore, only the passive deformation of the wing was considered. As shown in The marker line shown in Fig. 1 was chosen to be identical to the measurement location of the mosquito's flapping wing observed in a previous experiment (Kai, et al., 2001) . The deformation of the marker in the flapping motion was observed (in Fig. 3 ) for both the model and mosquito wings while the inclination angle  , located between the horizontal direction (the main stream direction) and the connecting line between the leading and trailing edges, was measured in the experiments to evaluate the wing deformation. Figure 4 shows the experimental results of the timewise change in the inclination angles within one-period of time 0 T . It is shown that  of the model wing agreed with that of the mosquito wing, therefore, the similarity condition of deformation was considered satisfied. In this case, the thickness of the model wing was h = 2 µm and the relationship of 
where I is the second moment of cross-section of the wing, was obtained. The bending rigidity of the mosquito wing was directly measured by a bending test using a point force compression and compared with the previous expression. Ref. (Kase, et al., 2016) for the marker at 0.75 s l . The experimental results of Ref. (Kai, et al., 2001) were measured at (0.7-0.8) s l of a mosquito wing. The solid line is a least-square approximation to the open squares.
Analysis
The flapping motion of a mosquito under uniform flow of velocity U is expressed by a forced vibration of the cantilever generated by a forced sinusoidal displacement in time (amplitude is 0 y ) at the clamped edge, as shown in Fig.  2(a) . In order to find the dimensionless parameters associated with this phenomenon, we used the methods of vectorial dimensional analysis (Mills, 1998; Igarashi, et al., 2013) and discriminated dimensional analysis (Palacios, 1964; Madrid, et al., 2005) . As a result, a relevant list of mechanical quantities is shown in (Gere, et al., 1990) , and the fluid pressure force decomposed into the y direction, respectively.
The number of independent dimensionless parameters, i , is calculated from i q r   , where q is the number of mechanical quantities and r is the rank of the dimensional exponents' matrix (Palacios, 1964) . From Table 1 ,
, which is the exponent of each mechanical quantity in the dimensionless group, can be determined as: 
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are dimensionless parameters whose physical meaning can be interpreted as the ratio of two forces among , f e F F , and i F (which are the fluid dynamic, elastic, and inertial forces applied to the wing, respectively). These variables are expressed as follows.
These forces are also derived by using the cantilever's bending vibration differential equation to which the fluid dynamic force is applied, as shown in the Appendix. If the dimensional relationship of 0 0 / T y U  is used, the following 3  is derived.
 is the Cauchy number, and 3  is the mass ratio (Ishihara, et al., 2009; Ishihara, et al., 2014) , as 
Here, * y is proportional to the displacement of cantilever with length c l and width s l and subjected to the normal distributed load of 2 f U  (Gere, et al., 1990) . * 0 / y y , therefore, is the non-dimensional displacement caused by the fluid force. Moreover, * f is proportional to the natural frequency * f of bending vibration of a cantilever in the first mode, which is expressed by (Meirovitch, 1986) (9) where l is the length and A is the cross-sectional area of the cantilever. 2  is the inverse of the frequency ratio (Venella, et al., 2009; Ishihara, et al., 2014) . Eq. (2) is modified into (Palacios, 1964) ( 1 2 ) where j is a positive exponent and Eq. (12) means that * 0 / y y is proportional to 0 * ( / ) j f f . This form of function is explained as follows.
In case of 0 f = 0, (no flapping), * 0 y  because, as shown in Fig. 4 , the inclination angles  of the model and mosquito wings change with averaged angle of approximately thirty degrees, identical to the stroke plane angle shown in Fig. 2(b) . The fluid force 2 f U  , therefore, increases with 0 f .
The secondary reason that * 0 / y y increases with 0 * / f f is explained by the fact that 0 * / 1 f f  . Therefore, when the forced frequency 0 f approaches the natural frequency * f , the dimensionless displacement * 0 / y y of the natural vibration increases. Indeed, values of the bending rigidity are EI = 62 pNm 2 and m m E I =53 pNm 2 . (9), which is more accurate. As stated earlier, the forced frequency of the model wing and the flapping frequency of the mosquito are 5 Hz and 500 Hz, respectively. For both of them, the condition of 0 * f f  is satisfied. It has been reported that insects operate under this condition (Ramananarivo, S., et al., 2011) .
The value of j in Eq. (12) will be determined experimentally, because it is influenced by the effects of material and fluid damping, which are difficult to estimate with high accuracy. From Eq. (12), we obtain. ( 1 4 ) When the deformation similarity is satisfied, this equation is applied to both the model and mosquito wings, resulting in 1 1 m 2 2 m j j      ( 1 5 ) According to flow similarity conditions by means of the Reynolds number and the Strouhal number for the model and mosquito wings, we obtain (Kase, et al., 2016) ( 1 6 ) The third relationship of Eq. (16) is satisfied, because the amplitude of stroke angle denoted by max  in Fig. 2(a) is identical to that of the mosquito. Substituting Eq. (16) (23) and (22) correspond to the similarity conditions by means of the Cauchy number and mass ratio, respectively. Our experiments did not satisfy these conditions as shown in Eq. (18). However, when  is used as a similarity parameter instead of 1  and 3  we obtain the following equation. 
Discussion
The similarity condition of the wing deformation between the model and mosquito was only satisfied when  was employed instead of 1  or 3  .  was derived by a combination of 1  and 3  , or 1  and 2  , whose relationship was obtained with aid of Eq. (18). If the experiment was performed under the condition of Eq. (23), as it is derived by means of the Cauchy number and mass ratio, the deformation similarity of the model and mosquito wings would be satisfied. The validity of the similarity parameter  is confirmed because this parameter satisfies Eq. (23), through Eq. (24). It would be expected that deformation similarity is realized for relationships that satisfy Eq. (24), other than Eqs. (18) and (23).
For Eq. (12), it is supposed that the forced frequency 0 f < * f , which was confirmed for the model and mosquito wings. However, a different correlation is required if this condition is denied.
We used the inclination angle  , shown in Figs. 3 and 4 , to confirm that the deformation similarity was satisfied between the model and mosquito wings. This assumption is confirmed by applying discriminated dimensional analysis.
We introduce  into the relevant mechanical quantities in Table 1 in the eighth column, as the dimension of  is / y x L L . It is suggested that  is not dimensionless in the discriminated dimensional analysis, therefore, the first and second equations of Eq. (1) are modified into
 is the exponent of  , the rank of the modified equation is 5, and the solution becomes as follows, when the independent variables are chosen as 5 7 ,   , and 8  . ( )   is an arbitrary function of  . When the similarity condition is satisfied, the values of both  and 0 / c y l between the model and mosquito wings are the same. Furthermore, the fact that the timewise changes in  were the same for the model and mosquito wings indicates that deformation's similarity of both wings is accomplished.
In (Ishihara, et al., 2014) , the dimensionless wing deformation, which was expressed as the mean pitch angle, is
shown as a function of r in Fig. 19 , where r is proportional to the wing mass density,  . In the range of (10
within which the inertial effect of the wing mass is effective, the mean pitch angle increases in the manner of 2 r . Therefore, the change in the mean pitch angle is proportional to 2  . On the other hand, as shown in Eq. (27), the deformation angle is expressed as  , which is a function of 2  , as shown in Eq. (19) . Therefore, the dimensionless wing deformation in Fig. 19 (Ishihara, et al., 2014) could be scaled using  .
In the experimental results of (Kang, et al., 2011) regarding the dimensionless wing deformation, the scaling parameter * 1 /   (as expressed by Kang, et al., 2011) was used as shown in Fig. 13 ; this parameter corresponds to 1 3 /   in the present study. Parameter  was expressed as 1 /2 /2 1 2 1 3 j j j         and the value of j was determined to be 4 based on our experimental results, thus yielding 2 3 1 /     . The material and fluid damping effects on the wing vibration were included to exponent j. In the experiments of (Kang, et al., 2011) , the damping effects were smaller than those of our experiment because their wing deformation results that were calculated for the elastic wing model agreed well with those of the experiment, and the Reynolds number was higher (1.5  10 3 ) than the one employed in our experiment, i.e., Re = 40. When the damping effects became smaller, the vibration became stronger near the natural frequency; therefore, the value of j in Eq. (12) increased. When the value of j would increase,  approached /2 1 3 ( / ) j    ; therefore, 1 3 /   was considered as a scaling parameter for the dimensionless wing deformation in (Kang, et al., 2011) .
The proposed parameter  alleviates material or scale limitations that cause difficulties in conducting similarity experiments using a model wing instead of a real wing. For example, in our experiment, the model wing was developed based on Eq. (18) instead of Eq. (23) because both equations satisfied Eq. (24), which was derived from the similarity condition using  . The application of parameter  to a wider range of experiments is necessary to confirm its effectiveness as a similarity parameter, which will be considered in our future work.
Conclusions
The problem in our experiment concerning the similarity condition of the wing deformation (Kase, et al., 2016) was solved by employing the methods written in this report. In the previous experiment the deformation similarity was observed in the case of EI n E I  which was derived by means of the Cauchy number. To analyze the problem associated to this discrepancy, we modeled the wing as a cantilever beam and used the vectorial dimensional analysis and the discriminated dimensional analysis. In these method, the length dimensions in the , ,
x y and z -directions are separately treated generating precise analysis as difference in the characteristic lengths and the force directions in the rectangular co-ordinate system are being taken into account. Deriving the two dimensionless parameters 1  and 2  involved in the problem, and then introducing a relationship between them, with aid of our experimental results, we obtained a new dimensionless parameter 4 1 2 ( )     , which governs deformation similarity. In our
